Observational studies have revealed a rich low-frequency structure in the atmosphere. A review of the theories, observations, and model studies of this low-frequency atmospheric variability is presented. On time scales of weeks or longer the atmosphere appears to possess distinct oscillatory behavior in welldefined and persistent "centers of action." This behavior is also an endemic feature of surrogate atmospheric data sets emerging from experiments with complicated climate models. Many theories have attempted to determine the dominant physical processes responsible for the low-frequency variance but have usually failed when compared carefully with observations. For example, simple linear steady state and Rossby wave dispersion theories have been used in an attempt to explain the observed global response to low-latitude perturbation. However, the observed structures of mature anomalies are often quite distinct from the vertical structures of disturbances predicted in these theories. Also, in general circulation and model studies, the sign of the nonlinear response is not simply related to the sign of the forcing as predicted by linear steady state theories. It is argued that the theories fail because either the full three-dimensional complexity of the basic state is not considered or its inherent instability structure is not recognized or is, in fact, ignored. It is shown that three-dimensional instability theory provides a natural generalization and marriage of the zonally averaged instability theory of Charney and Eady and the Rossby wave dispersion theory of Rossby and Yeh. As such, it provides a formalism which may be used to understand a wide variety of atmospheric fluctuations including the locations of eddy flux covariance maxima and storm tracks in both the tropics and extratropics and the generation of blocking, teleconnection patterns, and other quasi-stationary anomaly features. Attention is focused on two particular mechanisms within this formalism for the formation of quasi-stationary low-frequency fluctuations. One of these is the baroclinic-barotropic dipole instability mechanism in which the formation of quasistationary mature anomalies is initiated by the upstream development of mid-latitude eastward propagating dipole wave trains which arise through the combined baroclinic-barotropic instability of the three-dimensional atmospheric flow. The other is the westerly duct mechanism in which the initiation of low-frequency variability is caused by tropical disturbances. According to this hypothesis, the longitudinal variation of the basic state flow near the equator causes a ducting of wave energy generated in the tropics to specific zones in the upper tropospheric westerlies; these zones then act as source regions for the emanation of waves into the extratropics. Furthermore, this duct also acts as a waveguide for extratropical modes propagating into or through the tropics.
INTRODUCTION
In recent years, two new avenues of research have developed in the atmospheric sciences, and each has required a better understanding of the low-frequenc y variability of the atmosphere. The first development is the extension of numerical weather prediction into the medium-(5-10 days) and lowfrequency ( > 10 days) ranges and the prospect of the extension of deterministic forecasting to the very long range. Here, low-frequency variability, defined generically as frequency lower than synoptic but higher than intraseasonal (10-90 days), is of importance as it is the major modulator of synoptic events within the extended forecast period. The second research avenue is dynamic climatology, which has emerged as an important field through the growing interest in interannual variability and the hope of being able to forecast the variability or, at least, its statistics.
An example of a research avenue that has received considerable attention is that of the remote response of the climate system to changes in boundary forcing. This field emerged following the discovery of probable and intriguing relationships between anomalous tropical and extratropical climate and the warm events of the equatorial Pacific Ocean (of which the familiar E1 Nifio is a notable manifestation) which were first raised, implicitly, by Walker [1924] and later, explicitly, by Bjerknes [1969] . Later we will see that such low-frequency variability is of importance in the context of dynamic climatology as it constitutes a major aggregation for intra-annual variability.
Both modeling and observational studies of low-frequency variability, the teleconnection of remote forcing, and anomalous climate response, in general, have proceeded with some vigor. (The term "teleconnection" was coined by Bjerknes [1969] to describe the remote response of the atmosphere to geographically removed forcing. Maps of teleconnectivity can be defined for fluctuations of all scales and period, including band-pass fluctuations (compare, for example, Blackmon et al. [-1984a] ). However, traditionally, the term has been applied primarily to the large-scale atmospheric fluctuations of low to very low frequency.) However, as we shall develop subsequently, observations (here used generically to include surrogate atmospheric data fields generated by sophisticated climate models as well as fields derived from observed data obtained in the traditional manner) and theory appear to be some distance apart. In our review of both theory and observations we shall point out a number of such inconsistencies. Furthermore, we shall offer hypotheses that are, at the same time, we believe, more fundamental and physically consistent. Specifically, we shall suggest that the subject of low-frequency variability must be addressed in relation to a "full three-dimensional basic flow" which must follow from the realization that the basic flow is inherently unstable and possesses a whole hierarchy of modal structures that extends through the synoptic time scale to the lowfrequency domain.
In our discussion of current theories aimed at explaining various aspects of the low-frequency variability of the atmosphere, we shall examine some of the observational studies of low-frequency fluctuations as well as the mechanisms which determine the three-dimensional atmospheric basic state. We then focus on theoretical, modeling, and observational studies of these phenomena pertinent to Rossby wave dispersion and steady state response theories and to three-dimensional instability theory. It will be emphasized that three-dimensional instability theory provides a natural generalization, and marriage, of the Rossby wave dispersion and steady state response theories of Rossby [1945] and Yeh [1949] and the zonally averaged instability theory of Charney [1947] and Eady [1949] . Within a linear context this more general instability theory thus provides a natural formalism for examining anomalies generated both through the evolution and amplification of internal "noise" and through the response to anomalous forcing. Within this theoretical framework we concentrate on two particular mechanisms for generating anomalies such as blocks and other teleconnection patterns, that we feel are consistent with both observational and model studies.
One of these mechanisms is the "baroclinic-barotropic dipole instability mechanism," in which the quasi-stationary mature anomalies are viewed as being initiated by the upstream development of mid-latitude eastward propagating dipole wave trains, arising through the combined baroclinicbarotropic instability of three-dimensional atmospheric flows. The other mechanism, in which the initiation is due to tropical disturbances, is the "wave energy accumulation-emanation region" (or "westerly duct") mechanism. In this hypothesis the longitudinal variation of the basic flow along the equator is considered to be of great significance. Energy generated remotely in other regions of the tropics is ducted toward and accumulated within specific zones which lie to the east of the upper tropospheric westerlies of the eastern Pacific Ocean and the Atlantic Ocean. Furthermore, these energy accumulation zones appear to act as source regions for the emanation of waves into the extratropics. The equatorial westerlies also appear to act as wave ducts for extratropical waves moving from higher latitudes to low latitudes or even through to the other hemisphere.
In section 2 we discuss the relationships between the rather complicated structure of the three-dimensional basic state and the global heating functions and orography, while in section 3 we examine the relationships between the observed eddy fields and the basic state. Section 4 considers the current theories which have been proposed to explain various aspects of lowfrequency variability. In section 5 we examine Rossby wave dispersion and linear steady state theories with zonally averaged basic states which are implicitly or explicitly assumed to be stable. We show that these theories fail, in several aspects, to capture the observed structure of atmospheric variability. Here we also discuss the westerly duct mechanism, which emphasizes the longitudinal component of the stretching deformation (termed "longitudinal stretch") of the lowlatitude basic flow as a focusing agent for the energy of the equatorial transients. Longitudinal stretch refers to the eastward component of the stretching deformation tensor a•/c•x, often referred to, incorrectly, as longitudinal shear, which is, of course, 8F/•x and not 812/•x.
In section 6 we describe the baroclinic-barotropic dipole instability mechanism for the initiation of mature anomalies and examine the instability properties of both threedimensional climatological and instantaneous basic states. We also consider the role of barotropic instability in mature anomaly formation. The relationships between threedimensional instability theory and Rossby wave dispersion and linear steady state theories are examined in section 7.
Here we also consider observational and model studies which throw light on the role of anomalous forcing in the formation of anomalous circulation features.
In section 8, two studies of the time evolution of anomalies in baroclinic models with longitudinal stretch are discussed. In one study the large-scale anomaly evolves from a small-scale mid-latitude disturbance, while in the other, anomalies are generated from initial tropical disturbances. Section 9 provides a summary and conclusions. Figure 1 shows the 200-mbar field of the zonal and meridional wind components (fi and •, respectively) for the boreal summer (June, July, and August (JJA)) and the boreal winter (December, January, and February (DJF)) from Webster In the boreal winter extratropics, localized jet maxima exist downstream of all major orographic features. The colocation of orography and wind speed maxima has led to a very prevalent conclusion that the longitudinal variation of the mean flow (i.e., the phase and amplitude of the seasonal stationary waves of the atmosphere) is mainly a function of orographic forcing (Wallace [1983] , Held [1983] , and many others). These conclusions would appear to be supported by the inefficiency of surface heating gradients in the extratropics, to perturb, in an effective manner, regions of strong westerlies [Webster, 1982] . Yet, a closer inspection of Figure 1 shows that there is a further effect to be considered. The extratropical jet maxima are also across the equator and poleward of the low-latitude convection maxima. In fact, in the austral winter the strongest jet stream lies to the south of a very large south Asian heating maximum. There are no local orographic features on a scale that could produce a jet of this scale within the southern hemisphere. Webster [1982] has argued that in the strong winter westerlies (boreal or austral) the surface heating differential is a very inefficient forcing function. It is inefficient because the flow approaches an "advective limit" as distinct from the efficient "diabatic limit" of low latitudes [Webster, 1982] . From the steady state first law of thermodynamics the vertical velocity is determined by the residual of the temperature advection and the diabatic heating. If the winds are sufficiently strong, the advective term increases relatively, and the energy transformation between the potential and kinetic energy becomes less direct and thus less efficient. Such is the advective limit.
MECHANISMS DETERMINING THE THREE-DIMENSIoNAL

TIME-MEAN STATE OF THE ATMOSPHERE
On the other hand, near the equator, with weaker winds and smaller advection, the vertical velocity is determined almost exactly by the diabatic heating [Webster, 1982 [Webster, , 1983 . There the energy transformed is almost perfectly direct (i.e., the diabatic limit), and a strong response may be expected.
The physical connections between the tropics and the extratropics can be seen in the ff component diagrams of The dynamic structure of the quasi-stationary flow of Figure 2 was discussed by Matsuno [1966] , Webster [1972 , 1973b -I, and Gill [1980 . Webster [1972] and Gill [1980] showed that the near-equatorial flow can be thought of as a very large scale and dissipative equatorially trapped Kelvin wave. The properties of the Kelvin wave are such that the meridional flow is nearly zero [Webster, 1972] . Thus at low latitudes the zonal wind component is determined, in the longterm mean, by the local equatorial heating.
It is important to note that the basic state also possesses considerable interannual variability, especially in relation to the circulation which possess both substantial length and spatial continuity, allowing, for the first time, detailed analyses of the three-dimensional structure of the evolving atmosphere. Now, with the advent of a nearly complete and continual satellite coverage, similar data sets are being created for the southern hemisphere. Thus observational studies in both hemispheres and the tropics have shifted from a focus on the zonal average [e.g., Oort and Rasmussen, 1971 ] to that of the threedimensional structure of the atmosphere and its fluctuations (Blackmort et al. [1977] and many others). Furthermore, the length and quality of the data sets have allowed the analyses of the fluctuations to be extended from a case study perspective to that of four-dimensional analysis [e.g., Blackmon et al., 1977 Blackmon et al., , 1984a Kushnir, 1987] .
The fluctuations to which we refer, and which now can be studied in great detail, are the cyclones, blocking events, and other mature anomalies as well as the response of the extratropics to remote forcing from the tropical latitudes discussed before.
An overview of the colocation of the geographic distribution of atmospheric variability can be seen in Figure 5a 
Synoptic Variability and Mature Anomalies
The use of filter techniques (Blackmon et al. [1977 , 1984a -I, Trenberth [1981 , and others) has provided evidence of great differences in the character of the high-frequency (periods less than about 1 week and also described as band pass) and low-frequency (10-90 days) atmospheric variations. Not only are their spatial scales quite different, but they also have distinct relationships with respect to the background Frederiksen, 1982a Frederiksen, , 1983c . Analogues of such modes also occur in composite analyses using unfiltered data [e.g., Dole, 1983 Dole, , 1986 . The studies listed above show distinct regions of synoptic activity slightly poleward and downstream of the winter zonal wind maxima of the northern hemisphere. Similar relationships have been found for the summer season by White [1982] . The southern hemisphere is slightly different, with the PKE maxima being more in phase with the jet streams. This may be due to the poorer data base in the southern hemisphere but more probably is because of the different nature of the quasi-stationary long waves, which are essentially equivalent barotropic as distinct from the more baroclinic nature of the northern hemisphere waves.
Blackmort et al. [1977, 1984a-I showed the relative location of the band-pass and the low-pass fluctuation fields against the background time-mean zonal wind component for the northern hemisphere. Both fields possess very distinct maxima, but each is located in a unique position relative to the timemean jet streams. Maxima in the band-pass fields, (i.e., in the regions of synoptic activity) occur slightly poleward and to the east of the mean jets. These centers, over the Pacific Ocean, over eastern North America, and (more weakly) over the Mediterranean, represent the locations of the winter storm tracks. The low-pass maxima, on the other hand, lie in the belt Trenberth [1984] that the differences may arise from the poorer quality of the data in the southern hemisphere. However, it may also be that the difference arises from the large-scale flow being generated remotely (rather than locally as in the northern hemisphere) and thus possessing a more equivalent barotropic structure. [1981] , and many others) linked the extratropical climate variability to the low-frequency oscillation of the tropical ocean. These latter studies estimated the atmospheric variations by subtracting the mean fields of the E1 Nifio years from those of the non-E1 Nifio years, thus isolating significant differences which possess considerable spatial coherence especially in the winter hemisphere. The evidence of teleconnections has raised such interest for them to become a major focus of the World Climate Research Project through the Tropical Ocean Global Atmosphere (TOGA) Programme.
Very Low
Figure 7 provides a composite of the upper tropospheric atmospheric anomaly pattern in the upper and lower troposphere during E1 Nifio times (or warm events) in the Pacific Ocean from Horel and Wallace [1981] . Two anticyclonic eddies exist to the north and south of the equator in the upper troposphere, and stronger than average westerlies and easterlies lie along the equator to the east and west of the anomalous heat source. The circulation is completely out of phase with the lower troposphere (not shown) in the vicinity of the anomalous heating but is in phase away from the source. The figure suggests that the anomalous response is very much like the normal tropospheric circulation that has followed a translated sea surface temperature (cf. Figure 3) . It is likely that the atmosphere is not a passive player in the evolving climate system, but an active partner with an ocean. Barnett [1983] suggested that the translation between the two extreme tropical circulations of Figure 3 There has been little discussion of theories of the decay of blocking in the literature. However, the sequence of events that leads to the formation high zonal index flows such as those associated with one sign of the PNA pattern is very similar to that which leads to the corresponding low zonal index situation.
This was noted on the basis of observations by Dole [1982] , and the theoretical implications relating to the role of instability mechanisms was discussed by Frederiksen [1983c] . Thus one might also expect that instability would also play an important role in changes and in particular in the decay of blocks. Evidence that instability theory provides information on the different stages of block development including maintenance and decay is presented by Frederiksen [1988] . Other studies have used complex numerical general circulation models of the atmosphere, which, beyond the usual caveats applied to all models and to the design of the experiments, presuppose no a priori assumptions regarding the dominant dynamics of the atmospheric response to remote forcing (Rowntree [1972] There are many compelling aspects of the simple forced wave train hypothesis:
1. The theory correctly predicts that the winter hemisphere is most easily perturbed by the equatorial heating anomalies. Observations show that it is the winter hemisphere that possesses the largest amplitude anomalies during warm equatorial episodes.
2. The anomalous response has a strong spectral dependence on latitude. In this context, Hoskins and Karoly [1981] showed that the longer waves would propagate further pole-ward while the shorter waves would possess turning latitudes much more equatorward. This spectral filtering by the basic state is evident in the steady state solutions shown in Figure   10 .
3. The wave train dispersion toward the extratropics possesses an equivalent barotropic structure. Again, this was predicted from simple wave theory by Hoskins and Karoly [1981] . Both observations and the results of circulation model experiments show this same feature.
But there are also a number of problems that exist with the theory:
4. The theory, depending on steady state assumptions, does not take into account the possibility that the threedimensional basic state of the atmosphere is inherently unstable. section we will discuss how, via the effect of the longitudinal stretch within the tropics, the disturbances of the equatorial easterlies may influence the extratropics.
The theory ignores
Wave Dispersion in a Flow With Longitudinal Variation of the Basic State
Tropical disturbances are invariably convective and confined to the regions of very warm sea surface temperature (see Figure 3 ). They possess a deep divergent structure, occupying the entire depth of the troposphere. Furthermore, they are equatorially trapped with an amplitude that decreases exponentially away from the equator. Their northward phase and group speeds are at least an order of magnitude smaller than their respective zonal components [see Matsuno, 1966; Longuet-Higgins, 1968; Gill, 1982; Webster, 1972 Webster, , 1983 . At the same time there may be exceptions. There appears some evidence that hydrodynamical instability of the low-level jet in Africa over dry regions produces disturbances which propagate to the warmer sea surface temperature regions.
Prevailing thought has it that the transient convective systems of the tropics locally aggregate their heating to produce strong local effects which force circulations which directly force the extratropics. However, it is conceivable that there are other effects where the longitudinal variation in the equatorial basic state so determines the behavior of the equatorial transient waves that they impart a significant influence on remote, nonconvective regions of the tropics and, eventually, the extratropics. That is, the geographically removed PKE and convection maxima shown in Figure 12 may be connected by transients controlled by the longitudinally varying basic state. The time sections show results very similar to the WKBJ solution. Irrespective of the location of the forcing along the equator, the maximum response resides, ultimately, in the region where P•/•x < 0. The horizontal sections also show this feature as a short-wave symmetric response about the equator which is also the emanation region for wave trains toward middle latitudes. That is, irrespective of the energy source along the equator, the wave trains emanate from the same longitudinal belt. Presumably, for very different basic states, the accumulation points, and thus the emanation zones, would change. Thus between climatic epochs and seasons the influence of the tropics on the higher-latitude circulation may be expected to be different.
Westerly Duct Mechanism
The weaknesses of the pure wave train theory for atmospheric teleconnections and the understanding of the impor- Even though there is a certain attractiveness to the modified mechanism, it still does not take into account the instability of the extratropical basic state. With regard to the stability of the tropical basic flow, Webster and Chang [1988] expended considerable effort in showing a robust stability. Thus we will concentrate subsequently on the instability of flow at the higher latitudes.
THREE-DIMENSIONAL INSTABILITY THEORY AND
LOW-I•REQUENCY VARIABILITY OF THE ATMOSPHERE
Baroclinic-Barotropic Dipole Instability
Mechanism and Climatological Basic States
The study of Frederiksen [1982a] showed that instability theory with three-dimensional basic state flows could produce a variety of disturbances in addition to the monopole cyclogenesis modes (such as those shown in Figure 9b and 10b) associated with the storm tracks. The results suggested that three-dimensional instability theory could provide a similar basis for understanding both blocking and localized cyclogenesis as zonally averaged instability theory has traditionally provided for cyclone scale disturbances. According to this proposition, the formation of mature anomalies such as block- regions of maximum amplitude of the mature anomalies. These onset modes have westward tilt with height; baroclinic processes and barotropic processes are relatively important in their formation [Frederiksen, 1983a] . They propagate eastward, and as they increase in amplitude, they become quasistationary and essentially equivalent barotropic. It was suggested that in many qualitative respects the change from onset-of-blocking dipole modes to mature anomaly modes would occur through nonlinear effects in much the same way as is the case with cyclone scale disturbances and as is found in the life cycle experiments of Gall [1976 For the period leading up to the appearance of the positive anomaly in the key region, which we refer to as the onset-ofblocking period, Dole notes that the "sequence of development suggests that the initial rapid growth of the main centre is primarily associated with the propagating intensifying disturbance which originates in mid-latitudes near Japan." He also notes that "this disturbance continues to intensify as it becomes quasi-stationary over the key region." The dipole wave train across east Asia and into the Pacific that appears in Figure 19a at day -3 is qualitatively very similar to that in Figure 18a Instability modes corresponding to onset-of-blocking and mature anomalies in the Atlantic region were also found in the two-level model [Frederiksen, 1982a [Frederiksen, , 1983c . Dole [1982] showed that similar sequences of events leading to blocking in the Atlantic and north USSR regions also occurred. The study of Frederiksen and Bell [1987] using a five-level model found a wide variety of modes, including new modes corresponding to onset-of-blocking and mature anomalies in the north USSR region. Some modes also had similarities to a number of teleconnection patterns described in the work of Wallace and Gutzler [1981] . One particular large-scale mode with infinite period has some similarities to the western Atlantic teleconnection pattern of Wallace and Gutzler. The mode is a largely zonal wave number one disturbance whose structure is consistent with a ducting of wave activity from near the Himalayas in the Asian region at the surface into the polar stratosphere. Thus it also appears to have the right properties such that if it were produced with sufficient amplitude, it would produce a stratospheric sudden warming. It seems interesting that instability theory should reflect the fact that stratospheric sudden warmings occur in association with atmospheric Frederiksen [1984, 1988] examined the instability of threedimensional instantaneous synoptic flows in the southern and northern hemispheres in a quasi-geostrophic five-level model incorporating spherical geometry. As noted there, instability theory literally gives information about linear error growth; however, in practice, the growth of errors tends to be rapid where dynamical development of storms, blocks, etc. is greatest. This seems to be the primary reason why instability theory is relatively successful in predicting the geographical regions of the storm tracks, blocking and other mature anomalies. 
Discussion
Simmons et al. [1983] proposed an alternative instability theory for the development of mature anomalies which contrasted with the previously described baroclinic-barotropic dipole instability mechanism of Frederiksen [1982a] . The Simmons et al. mechanism is direct barotropic instability of the climatological basic state flow. They recognize, however, that the global growth rates for direct barotropic instability may only be about one-third those for the baroclinic-barotropic dipole instability mechanism. In order for their path of development to be competitive, they propose that the local growth rate (i.e., at a particular point) due to barotropic instability may be enhanced (during one-quarter period) over the global growth rate due to phase propagation. However, for this mechanism to work, the mode must be propagating, and Simmons et al. suggest that as a consequence, stationary growing modes may be difficult to excite in reality. In contrast, we note that both the fastest growing equivalent barotropic mode in Figure 22d and the corresponding barotropic mode are in fact nonpropagating but nevertheless are very rapidly growing. Their growth rates are about 5 times that of barotropic modes growing on climatological flows typical for northern hemisphere winter. Although the instability calculation used to obtain the mode in Figure 22d is a linear one, nonlinear processes have been responsible for distorting the flow to the extent that barotropic instability has become the dominant process at this late stage of block development.
The life cycie experiments with zonally averaged basic states discussed in section 6.1 have demonstrated the importance of barotropic conversions in the late stages of development. This is also the case in similar experiments using climatological basic states [Frederiksen and Puri, 1985 ]. It appears from the results of section 6.2 that linear instability studies of instantaneous flows may (at least in some cases) produce modes with reasonable structures and growth rates and phase speeds, including cases where barotropic conversion is the dominant mechanism. In this way one can study the nonlinear process through a series of linear instability calculations. Lejen[is [1984] , in an observational study of southern hemisphere blocking, also finds support for dipole instability modes being responsible for the majority of blocking episodes, while the additional influence of forcing controls the duration. Baines [1983] carried out a survey of blocking mechanisms and discussed their application to the Australian region. He found that the most promising mechanism which was consistent with the observations in the Australian region was the three-dimensional instability mechanism leading to dipole In view of the above apparently conflicting evidence in support of three-dimensional instability theory and twodimensional Rossby wave dispersion, it would perhaps be interesting to examine the relationship between the two theories in more detail; we do that in the next section. We also note that for single disturbances of the form (5), the global growth rate of the disturbance is w•; however, because a given mode consists of many wave numbers, these can conspire at different stages of the mode's period to give either very little amplitude or maximum amplitude at a given point. Hence if the disturbance happened to be aligned so that initially the amplitude was small at the given point, the amplitude could increase at that point both through phase propagation (nonzero w•) and through the global growth rate w• giving a local growth rate which is larger than the global growth rate. Conversely, at a later stage the fact that the phase speeds w/m of the different scales are different leads to a smaller than global growth rate if the mode is initially primarily concentrated in one region. Of course, the disturbance will be reconstructed there (with larger amplitude) after a full period. This effect of surges in the local growth rate is most noticeable for some of the larger-scale modes, although it is of less importance for the monopole cyclogenesis modes as discussed by Frederiksen [ 1983c] .
In fact, within the linear context the normal modes of the three-dimensional instability problem form a natural way for analyzing both the growth and dispersion of an initial disturbance and the response to imposed anomalous forcing. To see this, we note that in terms of spectral components, the linear (quasi-geostrophic) multilevel equations for these problems The three-dimensional instability theory described in section 7.1 provides a formalism for treating both internal "noise" amplification and the response to forcing. As such, it is neutral as to the importance of either in reality, although some of the mechanisms described in earlier sections are not. For example, in the baroclinic-barotropic dipole instability mechanism of section 6, changes in external forcing are not seen as playing a crucial role in the development process. anomalies. In view of the discussion in section 7.1 it is, of course, not surprising that since the atmosphere has preferred modes of oscillation, these can be excited through either "noise" amplification or forcing. Thus for "free" simulation studies, the anomalies must grow and decay purely through internal dynamics with fixed boundary conditions. As mentioned above and noting the caveats, Dole [1983] also suggests that this may be largely true in the case of his observed anomalies. During the growth phase they would project clearly onto growing normal mode solutions rather than neutral modes. Thus it would appear that a linear theory of these (nonlinear) results would require an understanding of the three-dimensional instability problem. We also note that in studying the behavior of observed low-passfiltered observations, the higher-frequency modes, which are left out, would appear as an effective time-dependent force on the lower-frequency fluctuations as discussed by Leith [1973 There is a further phenomenon which occurs in numerical models and observations which seems to indicate the importance of the unstable modes in dispersion from a source. In linear barotropic model studies of wave trains generated by an equatorial source the wave paths start from the source [e.g., Simmons, 1982] , especially with the simple basic states usually employed. In contrast, when instability is possible, such as in baroclinic models [Geisler et al., 1985] and in the observations [e.g., Wallace and Gutzler, 1981] , the wave path is to the north and west of the equatorial source. In the barotropic models, the transient modes are decaying in the presence of dissipation, and hence, as may be inferred from (7) and as found in numerical experiments (Kasahara, [1966] , Webster [1972 Webster [ , 1973b Webster [ , 1981 Webster [ , 1982 ], Opsteegh and van den Dool [1980] , Hoskins and Karoly [1981] , and others), in order to obtain a large-amplitude wave train away from the source, the disturbance must have large amplitude near the source. That is, the wave path starts from the source. However, in an unstable atmosphere where there are growing modes, the source can generate an initially small-amplitude disturbance which dis-perses and then grows to large amplitude in the unstable region away from the source to form the observed wave train. It may, of course, be that, as in some of the experiments discussed above, it is not necessary for the source to actually generate the initial disturbance. One could think of the slowly varying (unbalanced) forcing function as slowly changing the mean flow instability properties with the formation of the wave trains arising from initial disturbances, which are always present, and occurring on a faster time scale. This hypothesis, which Dole [1983 Dole [ , 1986 suggests is most likely on the basis of his observations, is consistent with the wave paths to the north of equatorial sources. importance of projection onto the unstable modes of the system as discussed in sections 6 and 7, as the waves disperse to higher latitudes.
EVOLUTION OF ANOMALIES IN BAROCLINIC MODELS
The impact of the same wave energy emanation region occurring for very different distributions of uncertainty (or forcing) along the equator has a very dramatic effect on the response in the extratropics. For a given initial data set, irrespective of which region along the equator is perturbed, essentially the same response occurs at higher latitudes. This is to be expected, of course, as the wave train will have the same reference point along the equator. This may be seen in The westerly duct teleconnection mechanism or hypothesis, described in section 5, calls for the focusing of transient wave energy in the equatorial regions at a "wave energy accumulation region," defined by the longitudinal stretch of the basic state. The hypothesis then suggests that this region acts as the emanation region for the wave train to the extratropics. However, in the last section we have seen that the instability of the basic flow must be taken into account in the wave dispersion process into the higher latitudes. The dispersion through the basic state has the potential of triggering the low-frequency modes discussed in sections 6 and 7. The low-frequency nature of these growing modes and the very slow propagation during their major amplification phase is such that a time average would have the appearance of a steady state wave train. Throughout this paper we have argued that simple linear steady state and Rossby wave dispersion theories fail to predict several aspects of mature anomalies. For example, the observed structures of these anomalies are quite often different from the vertical structures predicted by these theories. Further, in general circulation model studies, the sign of the nonlinear response is not simply related to the sign of the anomalous forcing as would be the case in linear steady state theories. We have suggested that these theories require refinement from two points of view. First, the full three-dimensional complexity of the basic state needs to be considered to explain the fact that the response of the middle latitudes is phaselocked relative to the three-dimensional flow and less dependent on the location of the anomalous forcing in, for example, the tropics. Second, the inherent instability of the basic flow needs to be considered, and this also leads to the recognition that mature anomalies can be generated either through the amplification of internal "noise" or as the response to anoma- Three-dimensional instability theory, as we have formulated it in section 7, provides a formalism for studying both the amplification of internal "noise" and the response to anomalous forcing. It is also neutral as to the importance of either of these for generating mature anomalies in the atmosphere, although some of the mechanisms described in this paper are not. For example, in the baroclinic-barotropic dipole mechanism, changes in the external forcing are not seen as playing an important role in the development process. In this mechanism the formation of blocks (and "antiblocks" such as high zonal index situations) is seen (at least in some cases) as being initiated by the upstream formation of mid-latitude eastward propagating dipole wave trains which arise through the combined baroclinic-barotropic instability of the threedimensional atmospheric flows. Nonlinear effects then are responsible for increasing the scale of the disturbance and slowing down the phase propagation until eventually the mode amplifies through the operation of largely equivalent barotropic effects. This is seen as occurring on a time scale which is much shorter than that associated with changes in anomalous forcing such as sea surface temperature anomalies. The fact that mature anomalies may have e-folding times as short as about one and a half days during parts of their life cycle makes it seem very unlikely that changes in sea surface temperatures would play a crucial role.
The other mechanism we have considered in detail is the westerly duct mechanism. In this, the initiation of lowfrequency variability is seen as caused (at least in some cases) by tropical disturbances. These may be generated either through amplification of internal "noise" or through changes in boundary forcing such as sea surface temperature anomalies. According to this hypothesis, the longitudinal variation of the basic atmospheric flow near the equator causes a ducting of wave energy generated in the tropics to specific zones in the upper tropospheric westerlies. These zones then act as source regions for the emanation of waves into the extratropics. We have produced observational, theoretical, and modeling evidence in favor of both of these specific mechanisms.
